Abstract 2-Hydroxy-4-methoxy-2 0 ,3 0 -benzochalcone (Hym nPro), a chalcone derivative, induces cell cycle arrest at the G2/M phase followed by caspase-dependent apoptosis. Structurally, HymnPro contains a a-b olefin that can act as a Michael acceptor, and that is involved in the depletion of cellular glutathione. However, the effect of HymnPro on the generation of reactive oxygen species (ROS) is still unknown. In the present study, we observed that treatment of Capan-1 pancreatic cancer cells with HymnPro resulted in a dose-dependent accumulation of ROS, owing to the depletion of intracellular glutathione. Treatment with ROS scavenger N-acetylcycteine prevented HymnPro-induced caspase activation and cell death, but had little effect on G2/M cell cycle arrest and microtubule assembly. Our results suggest that HymnPro causes tubulin binding-mediated cell cycle arrest at the G2/M phase as well as ROSmediated caspase activation.
Introduction
Microtubules are cytoskeletal proteins composed of a-and btubulin dimers. They play an important role in maintaining cell architecture and providing platforms for intracellular transport (Orlikova et al. 2011) . They are also essential to the process of mitosis. Tubulin polymeric microtubules form the mitotic spindle, the macromolecular machinery responsible for aligning chromosomes at the cell equator during the metaphase. Furthermore, depolymerization of microtubules is essential for accurate segregation of sister chromatids during the anaphase. Disruption of the polymerization and depolymerization of microtubules can block cell division progress, eventually leading to apoptosis (Mollinedo and Gajate 2003) . Therefore, inhibiting mitosis by interfering with microtubule dynamics is an attractive strategy for developing anticancer agents (Pasquier and Kavallaris 2008) .
Flavonoids, the most common and widely distributed class of natural compounds, are abundant in higher plants. They consist of two phenyl rings and a heterocyclin ring, which can be abbreviated C6-C3-C6. Flavonoids are usually classified into several subgroups based on their structure, such as chalcones, flavones, flavonols, flavanones, anthocyanins, and isoflavonoids (Prasad et al. 2010) . Previously, we demonstrated that a synthetic chalcone derivative, 2-hydroxy-4-methoxy-2 0 ,3 0 -benzochalcone (HymnPro; Fig. 1A ), inhibits microtubule polymerization through tubulin binding, thereby disrupting microtubule dynamics during mitosis (Shin et al. 2013) . We also have reported that the novel methoxychalcone derivative, 2 0 ,3,5-trimethoxychalcone (named DPP-23), promotes reactive oxygen species (ROS) production and triggers endoplasmic reticulum (ER) stress-mediated apoptosis (Shin et al. 2014) . In a previous study, it was demonstrated that piperlongumine, a natural anti-cancer product (Raj et al. 2011) , contains multiple Michael acceptor sites, including C2-C3 and C7-C8 olefins, which play a determining role in the molecule's cytotoxic mechanism by depleting intracellular glutathione (GSH) and consequently elevating ROS levels (Adams et al. 2012) . DPP-23 contains a a,bunsaturated carbonyl group as a Michael acceptor site, suggesting that DPP-23-induced ROS is mediated through the depletion of intracellular GSH. As HymnPro contains a similar a,b-unsaturated carbonyl group (Fig. 1A) , it is suggested that this Michael acceptor site could play a role in depleting intracellular GSH in a manner similar to DPP-23, leading to the accumulation of ROS. However, it is currently unknown whether HymnPro generates ROS and whether this could be related to the HymnPro-induced suppression of microtubule assembly.
In this study, we explored the effect of HymnPro on the generation of ROS, as well as the latter's potential role in G2/M cell cycle arrest and apoptosis. We found that HymnPro elevates intracellular ROS content but that this increase in ROS is not involved in microtubule disruption. Instead, it plays an important role in caspase-mediated apoptosis.
Materials and methods Chemicals
HymnPro (Fig. 1A) was synthesized as described previously (Shin et al. 2013) . Other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Cells and cell culture
Capan-1 human pancreatic cancer cells and HCT116 human colon cancer cells were obtained from the American Type Culture Collection (Manassas, VA, USA). Cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10 % fetal bovine serum (Thermo Scientific Hyclone, Waltham, MA, USA) at 37°C in a 5 % CO 2 atmosphere.
Clonogenic assay
Capan-1 and HCT116 cells were treated with different concentrations of HymnPro for 7 days. The cells were then fixed with 6 % glutaraldehyde and stained as described previously (Shin et al. 2011) .
Cell cycle and cell death analysis
Capan-1 cells were treated with 20 lM HymnPro for 24 or 48 h. Cellular DNA contents and propidium iodide (PI)-stained dead cells were analyzed by flow cytometry as previously described (Shin et al. 2014) . Fluorescence was measured with a FACSCalibur flow cytometer (BectonDickinson Immunocytometry Systems, San Jose, CA, USA).
Determination of cellular glutathione level
Intracellular GSH levels were analyzed using a Glutathione Assay Kit (Cayman Chemical Company, Ann Arbor, MI, USA). Briefly, total cell lysates were prepared, and cellular GSH contents were analyzed by measuring the concentrations of yellow-colored 5-thio-2-nitrobenzoic acid, a product of the glutathione-catalyzed reduction of 5,5 0 -dithiobis-2-nitrobenzoic acid, with a UV spectrometer at 405 nm, as described previously (Shin et al. 2014 ).
Analysis of intracellular ROS levels
Treated (20 or 40 lM HymnPro for 12 h) or untreated Capan-1 cells were incubated with 10 lM 2 0 ,7 0 -dichlorofluorescin diacetate (DCF-DA; Sigma-Aldrich) for 30 min. The fluorescence intensity was then analyzed using a FACSCalibur flow cytometer as described previously (Shin et al. 2014 ).
Immunoblot analysis
Capan-1 cells were lysed and immunoblotting was performed as described previously (Shin et al. 2013) . Antibodies specific to p21, cyclin D1, cyclin E, cyclin A, cyclin B1, caspase-2, cleaved caspase-7, and poly(ADP-ribose) polymerase were obtained from Cell Signaling Technology (Beverly, MA, USA). Antibodies against GAPDH and caspase-9 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Signals were detected using an enhanced chemiluminescence detection system (GE Healthcare, Piscataway, NJ, USA).
Analysis of microtubule assembly using immunoblotting
For the measurement of intracellular microtubule assembly, the insoluble polymerized tubulin was extracted and subjected to immunoblotting as described previously (D'Arcy et al. 2009 ).
Immunofluorescence microscopy
Capan-1 cells seeded onto coverslips were treated with either dimethyl sulfoxide (vehicle) or 20 lM HymnPro for 24 h. They were then fixed with 4 % paraformaldehyde and permeabilized using 0.1 % Triton X-100, as described previously (Shin et al. 2013) . Primary antibody specific to a-tubulin was added for 2 h, followed by an AlexaFluor 488-conjugated secondary antibody (ThermoFisher Scientific, Waltham, MA, USA) for 30 min. Nuclear DNA was stained with Hoechst 33258 (Sigma-Aldrich). Labeled cells were examined under an EVOSf1
Ò fluorescence microscope (Advanced Microscopy Group, Bothell, WA, USA).
Results and discussion
Previously, we demonstrated that the novel benzochalcone derivative HymnPro inhibits microtubule polymerization and induces cell cycle arrest at the G2/M phase (Shin et al. 2013) . In this study, we confirmed the anti-proliferative effect of HymnPro on tumor cell growth using clonogenic survival assay. Exponentially growing Capan-1 human pancreatic cancer and HCT116 human colon cancer cells were treated with different concentrations of HymnPro for 7 days. The colony formation assays showed that compared with untreated control cells, HymnPro inhibited the ability of individual cells to proliferate into viable colonies (Fig. 1B) .
To further determine the effect of HymnPro on cell cycle progression, a flow cytometric analysis was performed. As expected, the percentage of cells in the G2/M phase increased from *29.4 % in control cells to *85.4 % in cells treated with HymnPro for 24 h. The percentage of sub-G1 cells increased from *0.45 % in the control group to *21.72 % after 48 h of HymnPro exposure (Fig. 1C) . Furthermore, there was a notable increase in the protein level of p21, an endogenous inhibitor of Cdk, as early as 6 h after HymnPro exposure, while cyclin B1 protein levels slowly increased during the 48 h of treatment (Fig. 1D) . However, other cyclin proteins, including cyclin D1 and cyclin A, were down-regulated after 48 h of HymnPro treatment. These results suggest that HymnPro causes the inhibition of cell cycle progression by altering the expression of cell cycle regulators.
Caspases are a family of cysteine endoproteases that play essential roles in regulating apoptosis (Danial and Korsmey 2004) . They have been classified as initiator caspases (caspase-2, -8, and -9) and effector caspases (caspase-3 and -7). To determine the involvement of caspases in HymnPro-induced apoptosis, caspase activation was monitored using immunoblot analysis. We observed that both initiator caspase-2 and effector caspase-7, as well as the downstream substrate of caspase-7, poly(ADP-ribose) polymerase (PARP), were substantially cleaved following HymnPro treatment (Fig. 1D ). These results demonstrate that HymnPro induces cell cycle arrest at the G2/M phase, followed by caspase-dependent apoptosis.
The Michael reaction is a conjugated addition involving an a-carbon nucleophile. A previous study has demonstrated that piperlongumine, a natural alkaloid derived from the fruit of the pepper plant (Piper longum), triggers apoptotic cell death through the accumulation of intracellular ROS (Raj et al. 2011) . GSH is an important cellular antioxidant composed of three amino acids: cysteine, glycine, and glutamine. GSH is crucial for maintaining the detoxification system as it reduces ROS and recycles antioxidants. Hence, a decrease in GSH levels causes an accumulation of ROS, which can lead to tissue damages and trigger cell death (Franco and Cidlowski 2009) . Piperlongumine contains multiple Michael acceptor sites, including C2-C3 and C7-C8 olefins, which play a key role in the molecule's cytotoxic mechanism, causing ROS accumulation through the depletion of GSH (Adams et al. 2012) . Because HymnPro contains a a,b-unsaturated carbonyl group similar to C7-C8 olefin in the piperlongumine, it is plausible that HymnPro generates ROS through depletion of intracellular GSH. To test this hypothesis, we analyzed whether HymnPro depletes intracellular GSH levels. Treatment of Capan-1 cells with HymnPro decreased total cellular GSH levels in a dose-dependent manner ( Fig. 2A) . N-acetyl cysteine (NAC) is a thiolcontaining ROS scavenger, and a-tocopherol is a non-thiol antioxidant. Pretreatment with NAC attenuated the effect of HymnPro on GSH depletion, ultimately increasing GSH levels. On the other hand, a-tocopherol had a little effect on HymnPro-induced GSH depletion (Fig. 2B) . Next, we investigated whether HymnPro generates ROS. Capan-1 cells were treated with HymnPro and cellular ROS levels were measured using flow cytometry. We observed a dose- Fig. 2 Effect of HymnPro on the generation of ROS. (A) Capan-1 cells were treated with 20 lM HymnPro and cellular GSH levels were measured by spectrophotometer at 405 nm. The data are expressed as means ± SD for three independent experiments. (B) Capan-1 cells were treated with 2 mM NAC or 100 mM a-tocopherol for 1 h, followed by 20 lM HymnPro for 12 h and cellular GSH levels were measured by spectrophotometer at 405 nm. The data are expressed as means ± S.D. for three independent experiments. (C) Capan-1 cells were incubated with 10 lM DCF-DA for 60 min, followed by the addition of 20 or 40 lM HymnPro for 12 h. Fluorescence was assessed using a FACSCalibur flow cytometer. (D) Capan-1 cells were incubated with 10 lM DCF-DA for 60 min, followed by 20 lM HymnPro for 12 h in the absence or presence of 2 mM NAC. Fluorescence was then assessed using a FACSCalibur flow cytometer dependent increase in cellular ROS levels with HymnPro treatment (Fig. 2C) . Pretreatment with NAC prevented HymnPro-induced ROS generation (Fig. 2D) . These data suggest that HymnPro reduces the intracellular GSH content and that this effect can lead to ROS accumulation.
Previously, we have demonstrated that HymnPro targets tubulin to block microtubule assembly during mitosis (Shin et al. 2013 ). However, it remains unclear whether the suppression of microtubule assembly is coupled to intracellular ROS accumulation. Thus, we determined whether HymnPro-induced ROS accumulation may affect the disruption of microtubule assembly using immunoblotting.
After hypotonic cellular lysis, polymerized tubulin separates into a particulate fraction, whereas disassembled abtubulin dimers remain in the soluble fraction (Wu et al. 2009 ). Paclitaxel, a microtubule stabilizing agent, and nocodazole, a microtubule destabilizing agent, served as reference compounds. As expected, cells treated with paclitaxel showed a greater accumulation of a-tubulin in the particulate fraction compared to untreated control cells, while treatment with nocodazole reduced the amount of atubulin in the particulate fraction (Fig. 3A) . Cells treated with HymnPro showed a dose-dependent decrease in the amount of polymerized a-tubulin. There was no recovery Fig. 3 Effect of HymnPro on microtubule assembly and cell death (A) Capan-1 cells were treated with 20 lM HymnPro, 2 lM paclitaxel, or 2 lM nocodazole in the absence or presence of 2 mM NAC, for 24 h. The cells were lysed in hypotonic buffer followed by centrifugation at 12,000 rpm for 30 min. The particulate fraction containing the insoluble polymerized tubulin was separated and subjected to immunoblotting with anti-a-tubulin antibody. Actin was used as an internal control for the particulate fraction. (B) Capan-1 cells were cultured on coverslips and treated with 20 lM HymnPro in the absence or presence of 2 mM NAC for 24 h. The cells were fixed and incubated with antibody against a-tubulin for 2 h, followed by incubation with an AlexaFluor 488-conjugated secondary antibody (green signal) for 30 min. Nuclear DNA was stained with 1 lg/mL of the a-tubulin particulate fraction in the presence of NAC, suggesting that HymnPro-induced ROS are not associated with the polymerization of tubulin. Next, we tested whether ROS affects microtubule structure by immunofluorescence staining using an anti-a-tubulin antibody. In control mitotic cells, the typical bipolar spindles were attached to chromosomes arranged well along the metaphase plate (Fig. 3B) . Conversely, irrespective of NAC pretreatment, HymnPro caused the formation of abnormal microtubules, which appeared as astral monopolar microtubules alongside spherical chromosomes. These results suggest that NAC had no effect on HymnProinduced inhibition of microtubule assembly. Accumulation of ROS and disruption of the microtubule network lead to the induction of apoptosis (Simon et al. 2000; Mollinedo and Gajate 2003) . We next investigated the role of ROS in HymnPro-induced apoptosis. As shown in Fig. 3C , pretreatment with NAC reduced HymnPro-induced activation of the mitochondrial caspase cascade (cleavages of caspase-9, caspase-7, and PARP). Furthermore, flow cytometry analysis of PI staining revealed that pretreatment with NAC protected both H 2 O 2 -and HymnPro-treated cells from death (Fig. 3D) . These results suggest that HymnPro-induced ROS production contributes to the induction of apoptosis through the stimulation of the mitochondria-mediated caspase cascade.
In this study, we revealed that HymnPro exhibits the accumulation of ROS through the depletion of intracellular GSH content, as well as mitotic arrest by disrupting the microtubule network (Fig. 3E) . Our previous study has demonstrated that DPP-23 induces ROS production and triggers apoptosis through the unfolded protein response (UPR) in the ER (Shin et al. 2014 ). Thus, it seems likely that HymnPro might stimulate ER stress-mediated apoptosis due to ROS accumulation in a manner similar to that of DPP-23. Further investigations into the role of ER stress-induced UPR in HymnPro-triggered apoptosis are warranted.
